Sex differences in blood pressure
=================================

Numerous studies have shown that while both systolic and diastolic blood pressure rise with advancing age, blood pressure levels are generally lower in women compared with aged-matched men across most of their lifespan.[@b1-ijwh-6-131]--[@b3-ijwh-6-131] Interestingly though, the two age periods where this clear sexual dimorphism favoring women is not observed are prepuberty and menopause, suggesting a potential role of ovarian hormones. Analysis of data from the National Health and Nutrition Examination Survey (NHANES), which included 16,563 persons between the ages of 6 months and 74 years, showed no sex differences in blood pressure levels before the age of 12 years.[@b4-ijwh-6-131] These data are comparable with those from the NHANES II analysis and a meta-analysis of several large national surveys in the UK that showed no sex differences in blood pressure levels between boys and girls before puberty.[@b5-ijwh-6-131],[@b6-ijwh-6-131] Following puberty and up until menopause, women have lower blood pressure levels compared with aged-matched men, which is an observation that led many to believe in the "female advantage", or the protective effect of estrogens with respect to blood pressure regulation.[@b7-ijwh-6-131]--[@b9-ijwh-6-131] The concept of the protective effects of estrogen are further supported by the fact that, around the time of menopause, blood pressure levels start rising in women, reaching levels comparable with those in men.[@b10-ijwh-6-131],[@b11-ijwh-6-131] Since both the prepubertal and menopausal periods are characterized by low levels of estrogens, it is conceivable that the loss of the "female advantage" with respect to blood pressure may be consequent to the loss of estrogens. Many studies have actually tested the hypothesis that estrogens reduce blood pressure in both humans and experimental models of hypertension, and this review will focus on summarizing some of the findings of these studies.

Although estrogen is the predominant ovarian hormone studied in the context of cardiovascular disease and hypertension in women, it is important to stress that other hormones, such as progesterone, may also play an important role. While it is generally believed that progestins oppose the cardioprotective effects of estrogens (eg, progesterone induces vasoconstriction of estrogen-induced vasodilation[@b12-ijwh-6-131]), this is not a universal finding. Some studies have shown that, depending on the formulation, progestins may in fact enhance the positive vascular effects of estrogens.[@b13-ijwh-6-131] However, most clinical trials, such as the Heart and Estrogen/progestin Replacement Study (HERS), HERS-II, and the Women's Health Initiative (WHI) do not support the experimental findings and demonstrate adverse cardiovascular events from combined hormone therapy (discussed later in this review).[@b14-ijwh-6-131],[@b15-ijwh-6-131] While the outcomes of these studies may be affected by the timing and different formulations of hormones used, as well as the study population, clearly additional studies are needed to fully understand the contribution of progestins to cardiovascular function in women.

While the generally lower blood pressure levels in women may be attributable to the blood pressure-lowering effects of estrogens, it may also be argued that the higher blood pressure levels observed in men may be due to the presence of testosterone. Indeed, numerous experimental studies have shown that castration, and thus removal of endogenous testosterone, lowers blood pressure, while testosterone replacement in castrated rats increases blood pressure.[@b16-ijwh-6-131]--[@b18-ijwh-6-131] Somewhat paradoxically, hypertensive men actually show lower testosterone levels,[@b19-ijwh-6-131] suggesting that it may not be the actual levels but rather the activity of testosterone that may be altered in hypertension. Further supporting the potential contribution of testosterone to the development of hypertension is the fact that women with polycystic ovary syndrome, which is characterized by elevated blood pressure, have increased testosterone levels.[@b20-ijwh-6-131]

Sex differences in hypertension
===============================

Premenopausal women not only have lower blood pressure levels compared with men, but they also have a lower prevalence of hypertension. Analysis of the data from NHANES conducted in 1988--1994 and 1999--2004 surveying the US adult population aged ≥18 years showed that women, regardless of race and ethnicity, had a lower prevalence of hypertension compared with men across all age groups.[@b21-ijwh-6-131] Similarly, the Hypertension Detection and Follow-up Program Cooperative Group screened 158,906 persons and found that hypertension was less prevalent in women than in men.[@b22-ijwh-6-131] Interestingly, with regard to recent reports on heart disease and stroke statistics, the 2011 and 2013 update from the American Heart Association reported that the prevalence of hypertension is now nearly equal between men and women.[@b22-ijwh-6-131],[@b23-ijwh-6-131] These observations suggest that either the incidence of hypertension in women may be on the rise or that better hypertension control is achieved in males than in females. However, it is important to note that this American Heart Association report does not indicate the age group in which the analysis was performed, and it is possible that both premenopausal and postmenopausal women were grouped together. This becomes an important issue given that the prevalence of hypertension in postmenopausal women not only increases in comparison with premenopausal women, but exceeds that in age-matched men. The findings of SIMONA (the Study on Hypertension Prevalence in Menopause in the Italian population), a large cross-sectional study including 18,326 women aged 46--59 years, showed that menopause is associated with higher blood pressure, even after adjustment for age and body mass index.[@b23-ijwh-6-131] In the US, over 75% of women ≥60 years of age are hypertensive, and a significant percentage of this is due to the development of salt sensitivity.[@b10-ijwh-6-131],[@b24-ijwh-6-131] Analyses of the NHANES III and IV studies showed that the prevalence of hypertension in women ≥60 years of age was greater compared with age-matched men, regardless of ethnicity.[@b25-ijwh-6-131] Cumulatively, these data support the concept that loss of ovarian hormones, as occurs in menopause, is associated with loss of the "female advantage" with respect to blood pressure. It should be pointed out that menopause is not only associated with loss of ovarian hormones but also with biological aging, so the increase in prevalence of hypertension following menopause may be merely due to advancing age. However, studies conducted in premenopausal women who have undergone surgical menopause showed that hysterectomy was associated with hypertension[@b25-ijwh-6-131] and that the prevalence of salt sensitivity doubles as early as 4 months after surgical menopause, thus significantly increasing the risk of developing hypertension.[@b26-ijwh-6-131] These observations underscore the importance of ovarian hormones in blood pressure regulation.

Estrogens and risk of hypertension in chronic diseases
======================================================

In addition to natural and surgical menopause, chronic diseases such as diabetes, obesity, and inflammatory disorders are also associated with a loss or imbalance in ovarian hormone levels and, consequently, an increased risk of hypertension. Studies have shown that both type 1 and type 2 diabetes are characterized by decreased circulating estrogen levels,[@b27-ijwh-6-131]--[@b29-ijwh-6-131] which may explain why these women have a higher prevalence of hypertension and associated cardiovascular disease compared with nondiabetic women.[@b30-ijwh-6-131],[@b31-ijwh-6-131] It is noteworthy that reduction in estrogen levels, at least in type 1 diabetic women, is observed in premenopausal women, suggesting that the decline in estrogen levels is not age-related. In addition to reduced estrogen levels, women with type 2 diabetes also show elevated androgen levels[@b27-ijwh-6-131],[@b32-ijwh-6-131] which on its own may increase the risk of hypertension and cardiovascular disease. However, it is most likely that the relative balance between estrogens and androgens, rather than the absolute circulating levels of a hormone, contributes to the overall risk of disease development.

Hypertension and risk of cardiovascular disease in women
========================================================

While we think of hypertension and cardiovascular disease as primarily affecting men, cardiovascular disease is the single leading cause of death for women over 25 years of age worldwide.[@b33-ijwh-6-131],[@b34-ijwh-6-131] Furthermore, the prevalence of cardiovascular disease around the world is projected to continue to increase, primarily due to adverse lifestyle choices and the increasing life expectancy, especially among women.[@b35-ijwh-6-131] Despite the fact that deaths from cardiovascular disease have been gradually declining since the 1980s for men, deaths from cardiovascular disease continue to increase among women,[@b36-ijwh-6-131] for reasons that remain unclear and understudied. A plausible explanation for the high death rates in women may be that cardiovascular disease is often misdiagnosed due to the fact that women experience the symptoms of the disease differently to men. In addition, many basic and clinical studies have shown that the mechanisms underlying cardiovascular disease differ between the sexes (reviewed by Regitz-Zagrosek et al[@b37-ijwh-6-131]), suggesting that treatment for cardiovascular disease should be sex-specific. However, women generally continue to receive the same treatment for cardiovascular disease as men, which may potentially explain why these same treatments may not be as effective in women and why women experience poorer outcomes, including death following a cardiovascular event. The lack of sex-specific treatments will also continue to be an issue unless women are equally represented in cardiovascular prevention clinical trials. At present, the mean percentage of women included in these trials is 30% and only about a third of all reports from these trials report their data in a sex-specific manner.[@b38-ijwh-6-131] Thus, inclusion of a greater number of women in clinical trials identifying sex-specific risk factors and continued investigation into the mechanisms underlying sex differences in cardiovascular function and disease is needed to reduce death from cardiovascular disease in both women and men.

Risk factors for cardiovascular disease in both women and men include hypertension, dyslipidemia, smoking, diabetes, obesity, and limited physical activity, with hypertension being the most significant.[@b39-ijwh-6-131] Unlike in men, cardiovascular disease rarely develops in women without at least one of these risk factors.[@b40-ijwh-6-131] Hypertension is the most common risk factor for cardiovascular disease in women. Several studies have shown a direct correlation between higher levels of both systolic and diastolic blood pressure and risk of cardiovascular disease.[@b41-ijwh-6-131],[@b42-ijwh-6-131] Specifically, for every increase of 20 mmHg systolic or 10 mmHg diastolic blood pressure, there is a doubling in mortality from cardiovascular disease in both men and women between the ages of 40 and 89 years. Interestingly, some studies have found that higher blood pressure has a greater impact on cardiovascular mortality in women compared with men,[@b43-ijwh-6-131],[@b44-ijwh-6-131] suggesting that reduction in prevalence of hypertension in women may significantly reduce the prevalence of cardiovascular disease.

It is also important to recognize that while estrogens are often considered to protect against cardiovascular risk factors, including hypertension, there are clinical conditions in which estrogens are thought to have a pathogenic role and may also increase cardiovascular risk. One such example is systemic lupus erythematosus (SLE), a chronic autoimmune disorder that predominantly affects women of reproductive age. The disease is characterized by activation of the humoral immune system to promote antibodies against host tissues. Interestingly, women with SLE have a markedly increased prevalence of hypertension and cardiovascular disease, which is the major cause of mortality in these patients.[@b45-ijwh-6-131]--[@b47-ijwh-6-131] The strong predilection for women of reproductive age has led to the commonly held belief that estrogens promote this chronic disease and suggests the possibility that estrogens could increase the risk of hypertension and cardiovascular disease (discussed below). Therefore, diseases like SLE highlight the potential complexity of the pathways by which estrogens regulate the cardiovascular system.

Effects of estrogens on blood pressure regulation
=================================================

While we most commonly think of estrogen as a hormone important in the reproductive system, accumulating evidence suggests that estrogen plays an important role in regulating other biological functions, including blood pressure. Several hormonal and organ systems contribute to the regulation of blood pressure, including, but not limited to, the vasculature, kidney, and immune system. Interestingly, these are also target organs/systems for estrogen, suggesting that the effects of estrogen on these organs may be important in blood pressure control. Abnormal regulation of these interactions may contribute to the development of hypertension and subsequent cardiovascular disease. We provide a brief summary of the effects of estrogens related to blood pressure control in the vasculature, kidney, and immune system.

Effects of estrogen on the vasculature
--------------------------------------

Estrogens regulate vascular function by modulation of a variety of biological cascades, including the renin-angiotensin system and endothelin and reducing oxidative stress. In cultured vascular smooth muscle cells, 17β-estradiol downregulates expression of angiotensin AT~1~ receptor mRNA, while ovariectomized rats have increased expression of angiotensin AT~1~ receptor mRNA in the aorta, which is reversed by repletion of 17β-estradiol.[@b48-ijwh-6-131] Replacement of 17β-estradiol in ovariectomized rats also reduces plasma angiotensin-converting enzyme activity as well as circulating levels of angiotensin II.[@b49-ijwh-6-131] This 17β-estradiol-mediated reduction in expression of angiotensin AT~1~ receptor and angiotensin-converting enzyme activity may be a mechanism by which 17β-estradiol prevents some of the vasoconstrictor effects of the renin-angiotensin system in the vasculature. Estrogens also afford cardiovascular protection because of their ability to modulate levels and activity of endothelin, a potent vasoconstrictor. The biological function of endothelin is mediated via ET~A~ and ET~B~ receptors, with ET~A~ receptors primarily leading to the vasoconstrictor effects of endothelin and activation of ET~B~ receptors promoting vasodilation. The ratio of ET~A~ to ET~B~ receptors in premenopausal women favors the vasodilatory effects of endothelin via ET~B~ receptors.[@b50-ijwh-6-131] High levels of estrogens are associated with reduced levels of endothelin,[@b51-ijwh-6-131] and hormone therapy in postmenopausal women reduces plasma levels of endothelin.[@b52-ijwh-6-131] In addition, animal studies suggest that 17β-estradiol inhibits the synthesis of endothelin and attenuates endothelial dysfunction.[@b53-ijwh-6-131]

Several studies have shown that estrogens protect the vasculature via their antioxidant activity. Specifically, 17β-estradiol induces activation of superoxide dismutase, an enzyme responsible for removal of superoxide.[@b54-ijwh-6-131] Superoxide is a major contributor to oxidative stress and can bind nitric oxide, limiting its ability to cause vasodilation. In animal studies, 17β-estradiol contributes to reduced endothelial dysfunction in female spontaneously hypertensive rats by modulating the activity of nicotinamide adenine dinucleotide phosphate oxidase, an intracellular source of superoxide.[@b55-ijwh-6-131]

Effects of estrogen on the kidney
---------------------------------

The kidney plays a major role in long-term regulation of blood pressure,[@b56-ijwh-6-131] so maintaining normal renal function is imperative for maintaining normal blood pressure. It is well documented that premenopausal women have a far lower prevalence of renal disease compared with age-matched men, but this relationship no longer exists following menopause.[@b57-ijwh-6-131],[@b58-ijwh-6-131] These observations suggest a positive correlation between estrogen levels and renal function. Indeed, several experimental studies have shown that removal of endogenous estrogen accelerates the development and progression of renal disease.[@b59-ijwh-6-131],[@b60-ijwh-6-131] In some experimental models, removal of endogenous estrogen also increases blood pressure, which may further contribute to worsening renal function.[@b61-ijwh-6-131],[@b62-ijwh-6-131] Treatment with 17β-estradiol has been shown to attenuate glomerulosclerosis and tubulointerstitial fibrosis, which are hallmarks of progressive renal disease, via reducing collagen type I and type IV synthesis, decreasing expression of transforming growth factor-beta protein, increasing expression of matrix metalloproteinases, and inhibiting apoptosis.[@b60-ijwh-6-131],[@b63-ijwh-6-131],[@b64-ijwh-6-131] 17β-estradiol has been shown to regulate the expression and activity of locally active vasoactive systems, including the renin-angiotensin and endothelin systems, both of which stimulate abnormal cell growth and metabolism in the extracellular matrix, and contribute to the vascular dysfunction associated with renal disease.[@b65-ijwh-6-131],[@b66-ijwh-6-131] Given that the renin-angiotensin system plays a crucial role in the control of blood pressure by regulating its activity, 17β-estradiol may play an important role in blood pressure control. In addition, 17β-estradiol acts as a vasodilator by increasing expression of nitric oxide synthase activity and increasing production of nitric oxide.[@b67-ijwh-6-131]

Effects of estrogen on the immune system
----------------------------------------

In the last decade, immune system activation and inflammation have become widely recognized as an important underlying mechanism in the pathogenesis of hypertension. Estrogen is a known immunomodulator and is often considered to be anti-inflammatory,[@b68-ijwh-6-131],[@b69-ijwh-6-131] which would be considered as a mechanism protective against hypertension. However, estrogens can also promote B-cell activation, leading to increased antibody (humoral)-mediated immunity.[@b70-ijwh-6-131]--[@b72-ijwh-6-131] This effect of estrogen in promoting humoral immunity is particularly relevant to hypertension for two major reasons. First, an increasing number of studies show that hypertension in humans and experimental models is associated with increased circulating autoantibodies[@b73-ijwh-6-131]--[@b75-ijwh-6-131] consistent with systemic autoimmune diseases. Second, autoimmune diseases that predominantly affect women (like SLE) are associated with a markedly increased risk for developing hypertension and cardiovascular disease. Therefore, the complex regulation of cardiovascular risk factors by estrogens may result from a balance between anti-inflammatory and prohumoral immune system activation by estrogens. The impact of estrogens on immune system function represents a potentially robust area of research that could help to explain the impact of estrogens on hypertension and cardiovascular risk.

Hormone therapy
===============

Hormone therapy and cardiovascular disease
------------------------------------------

The vast evidence from both clinical and experimental studies showing that estrogen is protective against cardiovascular disease and hypertension leads many to believe that hormone therapy, ie, supplementing estrogen in postmenopausal women would be beneficial in preventing the disease following the natural loss of ovarian hormones associated with aging. However, much to everyone's surprise and disappointment, large-scale clinical trials, including the WHI and HERS-I and HERS-II, showed adverse outcomes of such therapies on cardiovascular risk and events.[@b15-ijwh-6-131],[@b76-ijwh-6-131],[@b77-ijwh-6-131] While many aspects of these trials remain controversial, the most likely explanation for the lack of anticipated protective effects is the age of the postmenopausal women who participated in the trials, the dosage and formulation of the hormones used, and the duration of therapy. One of the initial thoughts after the trials of combined conjugated equine estrogen (CEE)/medroxyprogesterone acetate therapy was that perhaps the protective effects of estrogen had been masked by progestin, prompting continuation of the CEE only arm of the WHI trial. This trial showed that CEE increased the risk of stroke, decreased the risk of hip fracture, and had no effect on coronary heart disease in postmenopausal women with prior hysterectomy over an average of 6.8 years.[@b78-ijwh-6-131] As a result, the trial was stopped early because the combined risk of stroke and coronary heart disease outweighed the benefits of a reduced risk of hip fracture. Recently, the report from the WHI extended post intervention follow-up of combined CEE/medroxyprogesterone acetate versus CEE alone trials concluded that hormone therapy should not be used for chronic disease prevention, although it is appropriate for management of symptoms in some women.[@b79-ijwh-6-131] However, the report did indicate that the risks and benefits were more balanced with CEE alone, especially for coronary heart disease, suggesting that there may still be some benefit to postmenopausal women, at least for coronary heart disease.[@b79-ijwh-6-131] Further supporting the notion that there may be a benefit from hormone therapy are the findings from this very same trial, in which younger women (aged 50--59 years) had more favorable results for all-cause mortality and myocardial infarction in the CEE only arm.[@b79-ijwh-6-131] These observations suggest that if hormone therapy is beneficial, that it is more efficacious in younger premenopausal women. Focusing on the effects of hormone therapy solely on cardiovascular disease, KEEPS (the Kronos Early Estrogen Prevention Study) was designed as a randomized, prospective, placebo-controlled trial to look specifically at the effects of oral CEE versus transdermal 17β-estradiol with or without progestin on atherosclerosis and coronary calcification in women within 3 years of menopause.[@b80-ijwh-6-131] The outcomes of this trial are expected to shed light on the potential benefits of single versus combined therapy on cardiovascular disease in postmenopausal women.

Given some of the adverse effects of the use of estrogens on the risk of breast cancer in particular, some studies have shifted their focus to selective estrogen receptor modulators, which bind to estrogen receptors to induce a functional profile distinct from that of estrogens. The multicenter, randomized, double-blind, placebo-controlled RUTH (Raloxifene Use for The Heart) trial was designed to evaluate the effect of raloxifene on the incidence of coronary events in postmenopausal women with documented cardiovascular disease or risk factors for the disease. The study concluded that the incidence of coronary events in women \<60 years of age was significantly lower in those assigned raloxifene than in the placebo group;[@b81-ijwh-6-131] however, no difference was found between treatment groups in the incidence of coronary events in women ≥60 and \<70 or ≥70 years of age.[@b81-ijwh-6-131] The multicenter, international PEARL (Postmenopausal Evaluation And Risk reduction with Lasofoxifene) study, conducted in women aged 59--80 years mainly to examine the effects on osteoporosis, reported that women assigned to the higher but not lower dose of lasofoxifene experienced a reduction in the absolute incidence of major cardiovascular events.[@b82-ijwh-6-131] While these observations indicate that selective estrogen receptor modulators may have some potential benefit on cardiovascular disease, especially in younger women, it should be noted that these studies were not powered for clinical cardiovascular outcomes. Thus, the use of selective estrogen receptor modulators should be limited to treatment of perimenopausal symptoms and not primary prevention of cardiovascular disease.

Hormone therapy in women with chronic disease
---------------------------------------------

Due to the fact that the vast majority of large clinical studies of the use of hormone therapy in women excluded subjects with chronic diseases such as diabetes and SLE, little is known about the potential benefit (or detriment) of hormone therapy on cardiovascular disease in these women. In a large, randomized, double-blind, placebo-controlled trial conducted in postmenopausal women with coronary heart disease, treatment with CEE along with medroxyprogesterone reduced the incidence of diabetes over 4 years.[@b83-ijwh-6-131] Similar beneficial effects were observed in postmenopausal women with type 2 diabetes, in whom treatment with CEE alone or CEE with medroxyprogesterone improved cardiovascular risk, including achieving better glycemic control, lipid metabolism, and decreased carotid wall thickness and atherosclerosis.[@b84-ijwh-6-131],[@b85-ijwh-6-131] However, conclusions regarding the potential benefit of hormone therapy for cardiovascular disease in patients with diabetes cannot be made based on the very few studies performed to date.

The LUMINA (LUpus in MInorities NAture versus nurture) study in a multiethnic US cohort showed that use of hormone therapy by postmenopausal women with SLE was not associated with vascular arterial events.[@b86-ijwh-6-131] Hochman et al examined the effects of hormone therapy and risk of cardiovascular disease in postmenopausal women with SLE.[@b87-ijwh-6-131] In their study, the incidence of coronary artery disease was similar between hormone therapy users and nonusers, ie, 11.4% (13 of 114) versus 13.7% (31 of 227), respectively, suggesting that hormone therapy does not predispose to coronary artery disease in postmenopausal women with SLE. While these observations seem to indicate that hormone therapy may be used safely for the treatment of menopausal symptoms in women with SLE, most of these studies have been conducted in small cohorts and have not truly and directly examined the effects of hormone therapy on cardiovascular risk. Thus, further studies are needed to determine the safety and potential beneficial effects of hormone therapy on cardiovascular disease in women with SLE.

Hormone therapy and hypertension
--------------------------------

Data on the effect of hormone therapy on blood pressure also remains controversial. The PEPI (Postmenopausal Estrogen/Progestin Interventions) trial found no change in blood pressure following treatment with either estrogen alone or combined estrogen/progestin therapy.[@b88-ijwh-6-131] In contrast, in the WHI trial, women treated with a combined CEE/progestin therapy had a higher prevalence of hypertension and a modest increase in blood pressure levels from baseline compared with placebo-treated women, even after adjusting for cardiovascular risk factors.[@b89-ijwh-6-131] A similar increase in blood pressure was observed in the CEE alone arm as well. While the current data suggest that hormone therapy should not be used for the treatment of hypertension per se, use of hormone therapy may be continued in hypertensive women for the treatment of severe symptoms of menopause if the benefits outweigh the risks.

Conclusion
==========

Blood pressure levels and the prevalence of hypertension are generally lower in premenopausal women compared with age-matched men. However, this relationship no longer exists following menopause, suggesting an association between blood pressure regulation and changes in ovarian hormone levels. While experimental studies have shown that 17β-estradiol plays an important role in blood pressure control, use of hormone therapy to manage the risk and prevent development of hypertension and cardiovascular disease in women remains controversial.
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